Abstract-Massive multiple input, multiple output (MIMO) schemes have been considered to support the physical layer of 5G systems and its combination with single-carrier with frequency-domain equalization (SC-FDE) schemes is particularly interesting for the uplink. However, the receiver complexity increases with the number of antennas, and it is important to have low complexity massive MIMO schemes.
I. INTRODUCTION
Multiple input, multiple output (MIMO) systems have been considered in the last decade as crucial tools to improve the systems capacity and data-rate [1] , [2] . In the recent years, MIMO systems have grown to the so-called massive MIMO [3] . These systems are being considered to achieve the ambitious goals of 5G systems, that involve 1000-fold increase in the systems capacity [4] . As is widely known, for the uplink direction, a single-carrier (SC) signaling scheme can be adopted as an alternative to multicarrier schemes, to simplify the transmitter, while allowing improved amplification efficiency (a severe problem particularly at the mobile terminals (MTs), where the battery lifetime is critical). These SC schemes are typically combined with frequency domain equalization (FDE) techniques for channel equalization and separation of the different streams at the base station (BS) [5] . However, for massive MIMO systems which can be composed by a very large number of transmit and receive antennas, the complexity associated to those procedures might be intolerable. Therefore, traditional detection schemes such as zero forcing (ZF), linear minimum mean squared error (MMSE) and nonlinear MMSE techniques, also known as iterative block decision feedback equalizer (IB-DFE) techniques, are clearly not adequate since they require the inversion of very big matrices. In that sense, simpler receivers such as the ones based on maximum ratio combining (MRC) and equal gain combining (EGC) can be a good alternative, since they perform the stream separation without resorting to matrix inversions. However, these receivers have a poor performance due to the large levels of residual interference, especially when the number of transmit antennas is equal to the number of receive antennas. Nevertheless, their performance can be substantially improved by means of an iterative estimation and cancellation of the residual interference, provided that we employ more receive than transmit antennas [6] , [7] .
Another problem that can be encountered at the BSs is related to hardware that compose each receive branch. If the BS is composed by tens or even hundreds of receive branches, the implementation cost and power consumption per branch rapidly increases. For this reason, low complexity and energyefficient implementations are required, namely based on low resolution analog-to-digital converters (ADCs) [8] , [9] . It is well known that lower ADC resolutions means higher nonlinear distortion levels at the ADC output due to the quantization noise, which can lead to severe performance degradations are expected. However, it has been recently demonstrated that for flat fading channels the performance penalty associated with low-resolution ADCs can be reduced if the number of receive antennas is much higher than the number of transmit antennas [10] - [12] .
In this work, we consider severely time-dispersive massive MIMO channels with very low complexity MRC or EGC receivers with low resolution ADCs. It is shown that even when low-resolution quantizers are employed, iterative lowcomplexity MRC and EGC receivers have an acceptable performance, since the impact of the nonlinear distortion effects can be minimized provided that the number of receive antennas is much higher than the number of transmit antennas. Therefore, even when very low-complexity, 1-bit ADCs are considered at each receive branch, the iterative MRC-and EGC-based receivers are a good option for the future 5G broadband systems. This paper is organized as follows in sec. II we present our nonlinear massive MIMO system, describing the signals along the considered scenario. Sec. III is dedicated to the characterization of iterative, low-complexity FDE receivers and sec. IV has a set of BER results regarding these different receivers and different reception scenarios. Sec. V finalizes the document with the conclusions of this work.
The notation is as follows: bold letters denote matrices or vectors. Italic letters denote scalars. Capital letters are associated to the frequency-domain and small letters are associated to the time-domain. (⋅) and (⋅) denote the transpose operator and Hermitian operators, respectively.
[⋅] represents the expected value.
II. SYSTEM CHARACTERIZATON
In this section, we describe the massive MIMO system considered in this work. In the following, represents the number of transmit antennas and the number of receive antennas. This can be regarded as a scenario where singleantenna mobile terminals (MTs) communicate with anbranch base station (BS). Between each pair of antennas, a frequency-selective multipath channel is considered. The channel associated to the th subcarrier is represented by the × matrix
The average power of the different multipath rays is normalized to guarantee that [| ( , ) | 2 ] = 1. At the th time instant, QPSK symbols in the form = ± ± are transmitted in parallel. The signal (e.g., data stream) associated to the th transmit antenna is represented by the block s ( ) = [
denotes the number of data symbols associated to a given block of data. The data symbols associated to the th subcarrier are represented by the
. Considering (1), the received signal associated to the subcarrier , Z = [
can be expressed by
where N = [
(2) ...
( ) ] represents the additive white Gaussian noise (AWGN) components. Regarding the time domain, the real and imaginary parts of the noise samples 2 We adopt a cyclic prefix (CP) longer than the maximum overall channel duration. Therefore, in the frequency-domain, the effect of the channel is represented by a single multiplication.
have variance 2 . It should be also noted that, although the time-domain samples ( ) are not Gaussian, the samples ( ) are approximately Gaussian due to the frequency-selective behavior of the channel. Therefore, we have ( ) ∼ (0, 2 2 ). This means that the received signal has an approximate Gaussian distribution and ( ) ∼ (0, 2 2 ). The channel signalto-noise ratio (SNR) can be defined as SNR = 2 / 2 . Fig. 2 shows the distribution associated to the real part of the time-domain received signal considering different values of and , an SNR of 10 dB and = 64 uncorrelated multipath components. From the figure, it can be seen that the received signal is well modeled by a Gaussian distribution, regardless of the value of and . In our system, we consider that each receive branch has an ADC. Each ADC is modeled by the nonlinear function (⋅) that represents a uniform, mid-rise quantizer with normalized clipping level / and unitary resolution. This quantizer acts separately on the real and imaginary part of the complex time-domain samples ( ) . Therefore, at the output of the th quantizer, we have, at the th time instant,
The average power of the nonlinear distortion term
2 is equal for all reception branches. By considering the Gaussian nature of the ADCs input, we can employ the Bussgang's theorem, which allow us to express their output as the sum of two uncorrelated components, i.e.,
where is a scale factor given by 
Regarding the frequency-domain, we have, for the th subcarrier of the th stream,
where ( ) is the frequency-domain version of the nonlinear distortion term. By considering matrix notation and (2), we may write
Block techniques that involve SC transmissions are usually combined with FDE techniques in order to overcome the effects of the multipath channel, which otherwise would lead to severe inter symbol interference (ISI). In addition, in MIMO systems, one must also take into account the interference caused by the existence of many MTs, that leads to the socalled inter user interference (IUI). The FDE strategies try to mitigate both the ISI and IUI by making the equalization on a subcarrier basis, i.e, separately for each group of data symbols received on the th subcarrier Y = [
The equalized signal associated to the th subcarrier is expressed byS = [˜(
where the × matrix F denotes the equalization matrix. Regardless of the equalization technique, one can note that as the distortion terms are uncorrelated and the data symbols are not, the signal-to-quantization noise ratio (SQNR) for detection purposes have a gain of relatively to the SQNR at the ADCs output. However, as the power of the received signal increases with , there is a "global gain" of / in the SQNR for detection purposes. This means that one can expect that the performance penalty associated to the nonlinear distortion can be mitigated in massive MIMO scenarios where ≫ . After the equalization process, the signals are converted back to the time-domain by an IDFT and sent to the detector, that
e., the data estimates associated to the different streams. The detected symbol associated to the th time instant of the th antenna is represented byˆ( ) . Regarding the frequency-domain, the symbol detected on the th subcarrier of the th stream is denoted byˆ( ) . Commonly, this detector performs a simple hard-decision on the equalized symbols. In the next section, we describe different FDE receivers.
III. LOW-COMPLEXITY FDE RECEIVERS
Let us start by considering linear FDE receivers. The ZF equalizer, for instance, is a linear FDE technique where the equalization matrix associated to a given subcarrier is given by
The problem associated to the ZF equalization is the noise enhancement. Therefore, one can consider another option, which is based on the MMSE equalization. In that case, it can be shown that the equalization matrix is given by
where = 1/SNR, and I is an identity matrix. The aforementioned techniques can be easily employed when we have a small number of antennas. However, when we consider massive MIMO systems with tens or even hundreds of receive and transmit antennas, their implementation becomes inviable since they require the inversion of very large matrices for each subcarrier. Therefore, low-complexity equalization techniques should be considered for massive MIMO schemes. An example of such techniques is the EGC. In the EGC, the equalization matrix is given by
Another option to is to employ MRC techniques, where the equalization matrix is given by
Receiver and Equalizerŝ
sn (2) sn ( equalized signal associated to the th iteration is given bỹ
where the × matrix B denotes the feedback equalization coefficients given by
Ψ is a × diagonal matrix where the th element is defined as
The purpose of Ψ is to assure that the channel and the equalization do not change the average power of the signals.
the frequency-domain average values conditioned to the FDE output for the previous iteration, which are typically referred as "soft-decisions".
IV. PERFORMANCE RESULTS
In this section we present a set of performance results regarding the BER of the different FDE receivers analyzed in the previous section. Otherwise stated, we consider frequencyselective channels with = 64 uncorrelated, Rayleigh multipath components. Each data block have = 256 QPSK symbols. Fig. 4 shows the BER of different linear FDE receivers considering = 8 and = 32. From the figure, it can be noted that the MMSE and ZF outperform the simpler EGC and MRC receivers that do not involve matrix inversions and present high BER floors. This was expectable due to the powerful equalization capabilities of MMSE and the ZF receivers. However, as the next figures show, it is possible to improve the performance of MRC and EGC receivers by increasing the ratio / and by considering iterative equalization procedures (i.e., > 1). performance improvement when increases, provided that is maintained fixed. However, even with = 64 there is still a high error floor. Nevertheless, the performance improvement with the ratio / is noticeable when = 4, where the BER significantly decreases. When = 64 and = 4 iterations are done, the average BER of the iterative MRC receiver gets closer to the MFB performance. This means that even when very low resolution ADCs are employed, the corresponding performance can be improved by increasing , provided that is fixed. drawn, i.e., the performance can be substantially improved when ≫ and feedback iterations are considered, one can note that the performance of these receivers is poorer than the performance of MRC receivers. This can be explained by the fact that EGC receivers are simpler and are only concerned with the equalization of the channel phase. clear that the MRC receivers outperform EGC receivers. For both receivers, one can note that even with 1-bit ADCs are employed, the BER substantially decreases when ≫ and when > 1. It can also be stressed that we have more gains when comparing the first and the second iteration than when comparing the second and the fourth iteration, which reinforces the idea that the BER tends to stabilize when = 4. This means even with low-complexity DFE receivers and extremely-low resolution ADCs, we can obtain acceptable performances if the ratio / is high and at least > 2 feedback iterations are considered.
V. CONCLUSIONS
In this paper, we considered massive MIMO schemes based on SC-FDE modulations, combined with low resolution ADCs and low complexity iterative detection schemes that do not require matrix inversions. It was shown that we are still able to obtain acceptable performances for those receivers, even when low resolution ADCs are employed, provided that ≫ . In fact, we can even employ very low-resolution ADCs at each BS receive branch since the impact of the nonlinear distortion effects at the detection level reduces with the number of receive antennas , provided that the number of transmitters is maintained fixed.
